Modern developments in time-lapse microscopy enable the observation of a variety of processes exhibited by viruses. The dynamic nature of these processes requires the tracking of viruses over time to explore the spatio-temporal relationships. In this work, we developed deterministic and probabilistic approaches for multiple virus tracking. A quantitative comparison based on synthetic image sequences was carried out to evaluate the performance of the different algorithms.
INTRODUCTION
The aim of this work is the exploration of the spatio-temporal relationships of viruses to advance the understanding of viral infections. For instance, information on the dynamics exhibited by the enveloped human immunodeficiency virus (HIV-1) upon entrance into a cell can yield important insight on the influence that inhibitory substances have on these viruses. The observation of these viral processes via modern time-lapse microscopy techniques results in a large amount of visual data that, on the one hand, provides the basis for a solid statistical analysis, yet, on the other hand, requires automatic image analysis methods. In this regard, virus tracking is needed for the quantification of the dynamic behavior of viruses. However, the task of virus tracking is hampered by various issues. For instance, viruses are relatively small and exhibit a complex motion behavior, in particular, abrupt changes in speed and direction are observable; this precludes the usage of motion constraints often employed in previous tracking applications. Additionally, virus particles may temporarily go out of focus, which leads to a change in appearance (size and intensity). Another problem is the relatively large number of viruses in the image sequences, which rules out the usage of algorithms that are only applicable in the case of one or few objects. A further problem is the relatively low signal-tonoise ratio (SNR), which hinders the accurate localization of particles.
Only few approaches for virus tracking have been described in the literature. Typically, a deterministic two-step approach is used consisting of: 1) virus detection, and 2) correspondence finding. For virus detection, the majority of algorithms employ some kind of maximum intensity search strategy, in which the position of viruses are associated with intensity peaks. Subsequently, thresholding techniques or techniques based on the intensity moments of detected candidate viruses (e.g., [1] ) are employed for rejecting noiseinduced maxima. The position of the particles may be refined by model fitting (e.g., [2] ). For correspondence finding, a nearest-neighbor model, which assumes that an individual virus will carry out the smallest possible displacement between two consecutive time-steps, is typically employed. However, in image regions with a high density of viruses, the search for correspondences becomes ambiguous, since several possibilities are plausible. To address this issue, approaches that consider the motion of all viruses between two consecutive time frames have been introduced. For instance, in [1] the total displacement induced by all viruses is minimized.
We introduce deterministic and probabilistic algorithms for tracking multiple viruses in microscopy time-lapse images. We have developed four different deterministic twostep approaches for virus tracking, including two approaches based on either an enhanced Gaussian fitting algorithm or the spot-enhancing filter, and an improved nearest-neighbor motion model. We have also extended and applied a particle filtering approach to the problem of virus tracking. A quantitative comparison was carried out to examine the performance of each approach under realistic conditions. The developed approaches have been successfully applied to a large number of synthetic image sequences containing virus-like objects exhibiting different dynamics as well as to real microscopy image sequences containing not only viruses, but also other autofluorescent structures of the target cells. To date, the com-bination of virus detection via Gaussian fitting or the spotenhancing filter, and correspondence finding via an improved nearest-neighbor motion model has not been applied for the task of virus tracking. Furthermore, it is also the first time that a particle filtering approach has been employed for the task of virus tracking.
TRACKING OF MULTIPLE VIRUS PARTICLES

Deterministic Approaches
We have developed four two-step deterministic tracking approaches for virus particle tracking by combining two virus detection schemes and two correspondence finding techniques. In such deterministic approaches, a virus detection algorithm yields for each frame of an image sequence a set of position estimates that serve as input for the correspondence finding algorithm, which, in turn, establishes correspondences between detected viruses at successive frames. In this work, the first virus detection scheme consists of the application of the spot-enhancing filter ("SEF") [3] , which is based on the Laplacian-of-Gaussian filter, and a thresholding step, which yields a binarized image from which viruses can be detected; in this case, centroids of the detected viruses are used as position estimates. The rejection criteria employed for this algorithm is the size of detected candidate viruses. The second technique is an enhanced 2D Gaussian fitting algorithm ("Gauss") along with rejection criteria for noise-induced candidate viruses, such as minimum integrated intensity and maximum ellipticity of the fitted 2D Gaussian function. With this technique, centers of the fitted 2D Gaussian function are used as position estimates.
For correspondence finding, we have investigated an algorithm based on a smooth motion model along with a greedy optimization step ("Smooth") [4] , and an algorithm based on a nearest-neighbor scheme with an optimization step inspired by an algorithm for the transportation problem ("NNeigh") [1] . The first algorithm ("Smooth") assumes a gradual change in direction and displacement, and only considers the motion of one virus at a time to resolve correspondence conflicts. Broken trajectories are handled in a post-linking stage. The second algorithm ("NNeigh") assumes relatively small displacements between two consecutive frames, and minimizes the overall frame-to-frame displacement induced by all viruses. Temporary disappearances of the objects are handled by seeking a match at subsequent frames.
Probabilistic Approach
We have also developed a probabilistic approach for multiple virus tracking, which formulates the task of tracking as a Bayesian sequential estimation problem. Such probabilistic approaches are relatively novel in the area of biological imaging. An initial effort in this direction has been introduced in [5] , where a joint particle filter is utilized for a different tracking application, namely the tracking of growing microtubules. We have extended and applied this method for the tracking of multiple viruses. In our case, each virus is represented by a state vector x t that includes the position, velocity, and intensity. This state evolves in time according to a predefined dynamic model p(x t |x t−1 ) (here we used Brownian dynamics) and is observed at discrete times t through measurement vectors y t . The predictions generated by the dynamic model are tested against the information provided by the measurement y t via an observation model p(y t |x t ) (in our case, the probability that the predicted state x t generated a Gaussian intensity distribution in the image, i.e., a virus). Inference on the true state is based on the posterior distribution p(x t |y 1:t ), which is conditioned on a sequence of observations y 1:t , and which is obtained using Bayes' theorem:
The numeric implementation of these equations has been done via a joint particle filter. In contrast to [5] , where manual initialization is employed, in our algorithm we automatically initialize the tracking via one of the above-described virus detection approaches. Furthermore, instead of using a fixed value for the σ parameter which defines the Gaussian intensity distribution in the observation model p(y t |x t ), we automatically compute this parameter based on the Gaussian fitting results; in this way, we can track virus particles with different apparent sizes.
EXPERIMENTAL RESULTS
We have applied our algorithms to both synthetic as well as real microscopy image sequences. To evaluate the robustness of the algorithms under different noise conditions, we generated four synthetic image sequences, each consisting of 50 images (size 400×400 pixels, 16-bit) containing 25-40 simulated moving viruses using 12 different signal-to-noise ratio (SNR) levels. The SNR is defined as the difference between the expected intensity of the particle and the expected intensity of the background, divided by the noise level σ n . The noise model was assumed to be Poisson distributed. To measure the performance, we employed the tracking accuracy defined as P track = n track,correct n track,total , which reflects the ratio between the number of completely correctly computed trajectories n track,correct and the number of all true trajectories n track,total . n track,correct counts those trajectories that span the same time period as their true counterparts, and yield an overall mean-squared error (MSE) between the measured object displacement and the true object displacement lower than a certain threshold (in our case we used a threshold of 2). As an example, the results for two synthetic image sequences obtained by the different algorithms as a function of the SNR are shown in Figs. 1 and 2 . It can be seen that most algorithms yield a quite good tracking accuracy for a SNR of about 3 and higher. A statistical test (one-way ANOVA) for each of the synthetic sequences yielded no significant differences between the performance of the different algorithms. The reason for this result is probably the simplistic nature of the synthetic images (e.g., constant number of objects and constant intensity).
We have also validated the algorithms based on real microscopy image sequences. One of the evaluated image sequences ("Seq. A") consists of 250 images (size 512×512 pixels, 16-bit) including 23 well-defined virus particles. In this sequence, fluorescently labeled HIV-1 particles [6] were imaged using a fluorescence wide-field microscope. Fluorophores were excited with their respective excitation wavelengths and movies were recorded with a frequency of 10Hz. For this sequence, ground truth for the virus positions was obtained by manual tracking using the commercial software MetaMorph. The experimental results, which have been listed in Table 1 , indicate a significant performance difference; it can be seen that the probabilistic approach (MMPF, multimodal particle filter) outperforms the deterministic approaches (95.65% accuracy vs. 73.91% and 69.57% for the two best deterministic approaches). The reason is probably that the probabilistic approach is by design capable of handling various plausible hypotheses at a time, whereas the deterministic approaches are easily misled by spurious and/or additional virus detections. For the latter approaches, short particle disappearances also lead to broken trajectories, which result in a worse performance. Example images for tracking results for this real image sequence are shown in Fig. 3 .
A second evaluated image sequence ("Seq. B") consists of 150 images (size 256×256 pixels, 16-bit) with 35 welldefined virus particles; to assess the performance of the algorithm in areas with a relatively high object density, we selected a region-of-interest (size 66×66 pixels) exhibiting such characteristics. Some of the virus particles go out of focus, thereby introducing some type of blurring of the particles, which in turn introduces difficulties for the virus detection schemes, which rely on the size and intensity of the particles. Furthermore, photobleaching effects significantly change the overall intensity over time. For this reason, we dynamically computed the background parameter of the observation model in the particle filter based on the mean intensity of each image. This yielded a noticeable improvement in comparison to the previous approach using a fixed background parameter. No ground truth was available in this case, thus a visual comparison is presented in Fig. 4 . It can be seen that as viruses temporarily disappear, the deterministic approaches, despite their (limited) capability to handle such situations, fail to track the viruses. In contrast, the particle filter is not only capable of maintaining the targets' identities, but also yields quite good estimates of their positions. This can be observed in Fig. 4 by noting that shorter trajectories are obtained by the deterministic approaches, which indicates that the initial trajectories were broken due to the temporary disappearance of the viruses. However, all approaches typically fail to track the viruses if these coalesce (merge). In the case of the deterministic approaches, the coalesced group of viruses is detected as one virus only, which prevents the correspondence finding algorithm from creating one-to-one correspondences. In the case of the particle filter, the cluster of viruses is tracked as well; however, if the viruses separate again, typically only the viruses with the best likelihood score are subsequently tracked. 
DISCUSSION
We have developed deterministic and probabilistic approaches for the tracking of viruses in fluorescence microscopy images sequences. Our quantitative comparison based on real microscopy image sequences shows that among all four deterministic approaches, the combinations of spot-enhancing filter (SEF) or Gaussian fitting with an enhanced nearest-neighbor motion model achieve the best results. Overall, the probabilistic approach based on a particle filter outperforms the deterministic schemes. The developed algorithms provide information on the displacements, sizes, and intensities of the virus particles. Nevertheless, there are still some open issues. For instance, in areas of high object density with fast changing dynamics all algorithms have difficulties in determining the correct correspondences. In future work, the performance of the algorithms should be further improved in this regard.
